Objectives: This article aims to determine the effect of acute pancreatitis on microvascular morphology and the impact of treatment with hyperbaric oxygen (HBO).
Microvascular casting studies have previously demonstrated poor filling and vessel fragmentation, 6Y9 which may correspond to areas of necrosis, 10 although this has not been objectively analyzed.
Functional studies of microvasculature using in vivo microscopy show vasoconstriction 11Y14 and reduced perfusion, red cell density, and red cell velocity.
11,12,15Y23 Functional capillary density, which is a measure of the proportion of capillaries that are perfused, is also significantly reduced. 24 Strategies to improve microvascular dysfunction have the potential to improve outcomes in acute pancreatitis. 11 Hyperbaric oxygen (HBO) treatment is anti-inflammatory, improves leukocyte function and tissue oxygen levels, and reduces edema. Hyperbaric oxygen has been shown to improve Acute Physiology and Chronic Health Evaluation II scores 25 and peripancreatic abscesses in human cases. 26 Animal studies have also demonstrated improved survival 27, 28 and reduced pancreatic acinar necrosis. 27 Hyperbaric oxygen has also been shown to have an impact on functional pancreatic capillary studies. 29 This study is designed to objectively determine the effects of pancreatitis on pancreatic capillary morphology and the effect of HBO on these changes.
MATERIALS AND METHODS

Animals
Experiments were conducted with the approval of the Austin Health Animal Ethics Committee. Sixty-seven male albino Wistar rats (250Y480 g) were used in these experiments. Animals were housed 2 per cage before surgery, had access to food and water ad libitum, and exposed to a 12-hour light-dark cycle. Food was withdrawn from animals 12 hours before the experiments.
Experimental Model of Acute Pancreatitis
Rats were anesthetized by intraperitoneal injection of ketamine hydrochloride 100 mg/kg (Parke-Davis, Victoria, Australia) and xylazine 20 mg/kg (Bayer, Victoria, Australia). Carprofen 5 mg/Kg (Pfizer, Victoria, Australia) was administered subcutaneously for analgesia. Pancreatitis was induced by intraductal infusion of 4% sodium taurocholate (Sigma, Victoria, Australia) by a modification of methods previously described. 30 Briefly, a midline laparotomy was performed. A 27-gauge blunt needle was introduced into the distal end of the biliopancreatic duct through a duodenotomy. Careful attention was paid to atraumatic surgical technique. The proximal bile duct was temporarily occluded at the porta hepatis by a small vascular clamp, and the distal duct was occluded by placement of a titanium aneurysm clip across duct and needle. After drainage of pancreatic duct debris, 0.1 mL/100 g of 4% sodium taurocholate was infused at a pressure of 20 mm Hg controlled by a sphygmomanometer. At the end of the infusion, the needle was withdrawn, and the clamps were removed. The duodenum was closed with 6/0 Prolene sutures (Ethicon, Johnson & Johnson, Victoria, Australia), and animals hydrated by instillation of 5 mL of 0.09% saline into the peritoneal cavity and 5 mL subcutaneously. Abdominal wounds were closed in 2 layers using 2/0 Prolene sutures (Ethicon), and animals recovered on heat pads.
Study Design
Four to 10 animals were induced with pancreatitis in any one operative session. After induction, animals with pancreatitis were randomly assigned to either HBO treatment or control groups. After randomization, 29 animals were allocated to the control group, and 31 animals were allocated to the HBO group. Two surviving animals in each group were killed 24, 48, and 72 hours after commencement of treatment. Animals surviving to end point underwent microvascular casting.
In addition, 7 animals were used as control animalsV4 animals with pancreatitis were used for end point at 6 hours after induction (before any HBO treatment), 2 animals were used as normal controls, and 1 animal was used as a shamoperated control.
Blood was taken by tail vein bleed at 6 hours after induction to confirm the onset of pancreatitis. Because of destruction of pancreatic tissue by the microvascular casting technique, histological assessment was not used.
Animal Health Severity Criteria
Animals were assessed at 6-hourly intervals after induction of pancreatitis in a blinded manner according to animal health scoring criteria and euthanized accordingly. 31 Animals classified as being in poor health were administered 2 mL of 0.09% saline via subcutaneous injection when exhibiting signs of dehydration. Carprofen 5 mg/kg was further subcutaneously administered for analgesia. Animals were then reassessed 2 hours later.
Hyperbaric Oxygen Administration
Hyperbaric oxygen was administered using a purposebuilt animal hyperbaric chamber (Fink Engineering, Victoria, Australia) to assigned animals 6 hours after induction of pancreatitis. This treatment delay was designed to better approximate the clinical presentation, in which treatment is often delayed after onset of pancreatitis. Hyperbaric oxygen was administered every 12 hours for a maximum of 6 sessions. Control animals received no additional therapy. Two to 4 animals were given HBO at one time. Treatment consisted of administration of 100% oxygen at 2.5 atm for 90 minutes, with a compression time of 10 minutes and a decompression time of 15 minutes. Protocols used were equivalent to clinical recommendations for the treatment of severe necrotizing infections in humans. 32 
Microvascular Casting
At designated end points, surviving animals were anesthetized and underwent midline thoracotomy. The descending thoracic aorta was cannulated with an 18-gauge intravenous catheter. The vascular system was flushed with a saline solution infused via the catheter at a constant pressure of 120 mm Hg. The saline solution was composed of 0.154 M NaCl, with added 60 mg/L polyvinylpyrrolidone 40 (Sigma), 10,000 U/L heparin (Weddel Pharmaceuticals, New South Wales, Australia), and 0.25 mL/L papaverine (David Bull Laboratories, Victoria, Australia). Perfusate was allowed to drain from the circulation through an incision in the right atrium. When the effluent was clear, freshly prepared acrylic resin was injected at 160 mm Hg. The resin was prepared by mixing 15 mL of Mercox with 5.1 mL of methyl methacrylate monomer (BDH Chemicals, Poole, UK) and adding 1.0 of catalyst MA (Vilene, Japan) immediately before infusion. When the resin flowed freely from the right atrium, the infusion cannula was clamped, and the resin was allowed to polymerize overnight at room temperature. The pancreas was carefully removed and digested in 20% potassium hydroxide for 72 hours or until pancreatic tissue was completely removed. The cast was washed in distilled water until clean. The microvascular cast was frozen, and areas of interest were sectioned with a high-speed saw (Dremel Moto-Tool, model 396) into approximately 1-cm cubes and dried for 48 hours at 37-C before mounting on an aluminum stubs using ElectroDAG. Casts were sputter-coated with platinum (Xenosput) and examined with a scanning electron microscope (XL30 FESEM).
Scanning electron micrographs of the casts were compared for capillary density, poor capillary filling, vessel diameter, and major morphological changes.
Assessment
Blood Tests
Serum was taken from animals at 6 hours for assessment of amylase as confirmation of pancreatic injury using standard methods for automated clinical analysis of blood at the Department of Pathology, Austin Health. Blood samples were compared with results of blood tests obtained from untreated animals and normal controls.
Microvascular Cast Analysis
Each pancreatic vascular cast was divided into 2 or more fragments, which were examined individually. Multiple micrographs were taken of each fragment at Â250. Images contained capillaries only, were not on a cut edge, and had no significant mounting artifact. No micrograph overlapped with any other micrograph. At least 5 images were analyzed for each pancreas.
Each image was analyzed with calibrated image analysis software (Image Pro Plus, version 4.5.1). An 80 Â 80YKm overlay grid was applied to each image, and the largest and smallest capillary diameters in each grid square were measured. For each image, the mean diameter, range, and SD were calculated, and these measurements were compared.
The total length of visible capillaries on each image was also measured. This was compared with the area of the image and converted into a morphological capillary density (MCD) by the following equation:
MCD ¼ ½Total capillary length ðHmÞ Â 10; 000=area of image ðHm 2 Þ
Changes in acute pancreatitis without any further treatment were compared to quantitate the changes over the time course of disease. The effect of HBO treatment was compared with untreated controls at 24, 48, and 72 hours postinduction.
Statistical Analysis
Variables were nonnormally distributed and were compared using the Mann-Whitney U test. No compensation was made for multiple comparisons. A P value G 0.05 was considered statistically significant. Data are expressed as mean (95% confidence interval [CI]), unless otherwise stated.
RESULTS
Sixty-seven animals were used to complete this study. Two animals were included in each group at each time point, except the sham group, which contained only 1 animal. The cast of one animal treated with HBO and examined at 72 hours contained no appropriate capillary fields, so this animal was excluded from analysis.
Normal pancreatic microvasculature was shown to be a rich network of vessels, with multiple anastomoses and conforming to pancreatic acinar architecture (Fig. 1) . The mean capillary diameter was 6.7 Km (95% CI, 5.98Y6.85), which was relatively homogenous, with an image SD of 3.0 (95% CI, 2.2Y3.0) and a range of 13.8 Km (95% CI, 9.9Y15.6). The microvascular network was dense with an MCD of 1140 Km j2 (95% CI, 1101Y1263). The microvessels of animals with pancreatitis showed more disorganized capillary architecture. Remaining capillaries showed dilated heterogenous capillaries. Areas of vessel disruption were seen, possibly consistent with areas of pancreatic necrosis (Fig. 2) .
Serum Results
Amylase levels between the treatment 6882 U/L (95% CI, 5557Y8207) and control 5957 U/L (95% CI, 4805Y7108) groups was not significantly different. Both levels were elevated, compared with normal 1632 U/L (95% CI, 1515Y 1749), confirming the diagnosis of pancreatitis.
Capillary Morphology in Acute Pancreatitis
Structural changes in acute pancreatitis were not apparent at 6 hours postinduction but became evident at 24 hours. Later time points also showed significant differences from normal.
Mean Capillary Diameter
Mean capillary diameter increased in acute pancreatitis from 24 hours and continued to increase as the disease progressed (Fig. 3) . At 6 hours after induction, the diameter was unchanged compared with normal. At 24 hours, the diameter increased from 6.7 Km (95% CI, 6.2Y7.1) to 10.3 Km (95% CI, 9.7Y10.8) (P G 0.01). At 48 hours, the diameter increased further to 11.8 Km (95% CI, 10.8Y12.8), and 24 hours later, the diameter remained elevated at 13.8 (95% CI, 10.5Y17.0) (P = 0.3, vs 48-hour control).
Capillary Diameter Heterogeneity
Heterogeneity of capillary diameter increased with acute pancreatitis and remained elevated from 24 to 72 hours postinduction (Fig. 4) . Range and SD of diameters for the examined images increased from 13.8 Km (95% CI, 11.3Y16.4) and 3.0 Km (95% CI, 2.5Y3.6) to 21.4 (95% CI, 19.5Y23.4) and 4.6 (95% CI, 4.2Y4.9), respectively, at 24 hours (P G 0.001 and P G 0.001, 24-hour control vs normal).
Morphological Capillary Density
Morphological capillary density decreased in acute pancreatitis (Fig. 5) . No difference was detectable at 6 hours. At 24 hours, the density decreased from 1140 Km j2 (95% CI, 1066Y1214) to 758 Km j2 (95% CI, 715Y802) (P G 0.01). The density remained decreased at 48 hours and further deteriorated at 72 hours after induction to 525 Km j2 (95% CI, 408Y643) (P = 0.01, vs 48 hours).
Effect of HBO on Capillary Architecture in Pancreatitis Mean Capillary Diameter
Hyperbaric oxygen significantly reduced the mean capillary diameter at 48 and 72 hours postinduction (Fig. 6) . At 48 hours, the mean was reduced from 11.8 Km (95% CI, 10.8Y12.8) to 8.4 Km (95% CI, 8.0Y8.9) (P G 0.01). At 72 hours, the mean was reduced from 13.8 Km (95% CI, 10.5Y17.0) to 8.1 Km (95% CI, 7.2Y9.1) (P = 0.048). There was no difference between the treated and control groups at 24 hours postinduction.
Capillary Diameter Heterogeneity
Capillary diameter heterogeneity (Table 1) was reduced by HBO at 24, 48, and 72 hours postinduction (Figs. 7, 8 ). In fact, in the HBO-treated group, SD was not significantly different from normal at 24, 48, and 72 hours (P = 0.051, P = 0.8, and P 9 0.9, respectively), and range was not different from normal at 48 and 72 hours in the treated group (P = 0.3 and P 9 0.9, respectively).
Morphological Capillary Density
Hyperbaric oxygen increased MCD at 48 hours from 722 Km j2 (95% CI, 678Y765) to 901 Km j2 (95% CI, 871Y930) (P G 0.01) (Fig. 9) . At 72 hours, MCD increased from 525 Km j2 (95% CI, 408Y643) to 813 Km j2 (95% CI, 605Y1022) (P = 0.024). Hyperbaric oxygen did not affect MCD at 24 hours.
DISCUSSION
Previous studies of capillary morphology in pancreatitis have been limited. This study has been able to quantitate and characterize changes in pancreatic microvascular architecture in a novel way.
Our study has confirmed the previous impression of other studies of poor filling and vessel fragmentation.
6Y9
However, we have also been able to demonstrate that capillary diameter and density are also affected by pancreatitis.
There was surprisingly little change in capillary diameter, vessel heterogeneity, and capillary density at 6 hours postinduction of pancreatitis. This is in contrast with functional studies, which have shown vasoconstriction and circulatory stasis within hours of the onset of pancreatitis. 11, 15, 16, 19, 21, 23 Furthermore, changes in capillary diameter are in contrast with those seen in functional studies, where vasoconstriction has been predominant. It is unclear if this difference represents the difference between architectural and functional studies. It seems more likely that vasodilation is a late change and represents homeostatic changes and would be consistent with an attempt to maintain tissue perfusion despite vascular disruption. 33 Morphological or architectural capillary density studied by this method is reduced, as has also been shown in functional studies. Again, these changes have not been shown previously because of analysis limitations. Functional studies have shown a reduction in capillary density in the first few hours after induction of pancreatitis. 24 This injection method shows no difference from normal at 6 hours, which suggests that the changes seen in vivo are, in some way, transient and that more prolonged insult is required to demonstrate a failing capillary network on structural studies. Equally interesting is that capillary density was further reduced at 72 hours. In our model, rats surviving to 72 hours are highly likely to survive 27 Therefore, the pancreas should be less inflamed at this stage and healing. The mechanism of reduction in capillary density needs to be determined, because it will aid understanding of the development and recovery from acute pancreatitis.
This technique allows examination of the effect of HBO treatment on capillary structure. Hyperbaric oxygen reduced the degree of vasodilation and the heterogeneity of capillary diameter at 48 and 72 hours after induction. Hyperbaric oxygen is known to increase tissue oxygen concentration independent of vascular supply. Reduced vascular diameter with HBO further supports the premise that increased pancreatic capillary diameter in pancreatitis is a homeostatic mechanism to maintain blood supply and oxygen delivery. It follows that pancreatic tissue in those animals treated with HBO is better perfused, and homeostasis is, therefore, preserved. This effect of HBO was only demonstrated after 4 treatment cycles, and the reason for this is unclear. A possible explanation is the change in physiological response to HBO after repeated exposures compared with single exposures. 34 Treatment also improved MCD. The only previous study to investigate the effect of HBO on pancreatic microcirculatory changes 29 showed an improvement at 12 hours in flow velocity, shear rate, and leukocyte sticking. The effect of HBO on capillary density has not previously been established, and no effects on the microcirculation have been investigated at later stages of the disease process. Hyperbaric oxygen is known to cause vasoconstriction due to an increase in the concentration of oxygen in blood. 35 In that context, an improvement of capillary density by HBO must represent an improvement of the tissue pathology rather than a direct effect by oxygen on the circulation. This is evidence that HBO leads to an improvement in pancreatic microcirculation through an effect on the disease process itself.
